
NASA TECHNICAL NOTE 
cN A S A  	TNID - 2 1 1 7  

6".I 

t 

EVALUATION OF S H O C K - T U B E  
H E A T - T R A N S F E R  EXPERIMENTS 
T O  MEASURE THERMAL C O N D U C T I V I T Y  
OF A R G O N  FROM 7 0 0 °  TO S 6 0 0 °  K 

by  M i l t o n  R .  L a u u e r  

L e w i s  R e s e a r c h  C e n t e r  
C l e u e l a n d ,  0 h i o  

N A T I O N A L  A E R O N A U T I C S  A N D  S P A C E  A D M I N I S T R A T I O N  W A S H I N G T O N ,  D .  C .  F E B R U A R Y  1 9 6 4  


I 




-- 

EVALUATION OF SHOCK-TUBE HEAT-TRANSFER EXPERIMENTS 

T O  MEASURE THERMAL CONDUCTIVITY O F  ARGON 

FROM 700' T O  8600' K 

By Milton R. L a u v e r  

L e w i s  R e s e a r c h  C e n t e r  
Cleveland, Ohio 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
-

For sale by the Off ice  of Technica l  S e r v i c e s ,  D e p a r t m e n t  of C o m m e r c e ,  
Washington, D.C. 20230 -- Price $0.50 



TECH LIBRARY KAFB, NM 

I111111111lulllllll1llll11111lllllIll1Ill1 
EVALUATION OF SHOCK-TUBE KEAT-TRANSF’ER E3cpEEI-

MENTS TO MEASURE THERMAL CONDUCTIVITY 
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SUMMARY 

Recent studies of heat transfer to a s o l i d  from a hot stagnant gas behind 
reflected shock waves have been interpreted to obtain the thermal conductivity 
of the gas OF its integral with respect to temperature. The interpretations are 
critically compared with each other and with new experimental data from argon 
shock-heated to 8580° K. The surface temperature rise of heat-resisting plate 
glass suddenly exposed to hot argon was predicted and experimentally verified to 

the limits of the test. Variations of several percent in the theoretical assumed 

thermal-conductivity values of argon had little effect on the temperatures pre­

dicted, Within these limits, theoretical values of thermal conductivity for 

argon were experimentally verified. 


INTRODUCTION 


The transport properties of gases at high temperatures have recently become 
of interest, At the higher temperatures, direct equilibrium-ty-pe measurements 
are not generally practical, The shock tube has been considered as a tool for 
the determination of one transport property, thermal conductivity, at high 
temperatures 

In the region of stagnant gas behind a shock wave reflected from the end of 
a shock tube, temperatures up to several thousand degrees Kelvin are reached 
very quickly and are maintained constant for tens of microseconds, The surface 
temperature of the end wall rises only a few degrees, because in such a short 
time the solid is effectively a large heat sink (ref, 1). 

Consideration of the thermal relations between the surface of a semi-
infinite s o l i d  and a semi-infinite contiguous body of gas at the same tempera­
ture that is suddenly raised to a much higher uniform temperature suggested that 
the t h e m 1  conductivity of the gas at the higher temperature could be obtained 
by the proper analysis of such data, 

This type of analysis has been.appliedto aata obtained behind reflected 
shock waves in argon, and thermal conductivities at temperatures from 10000 
to 3300’ K have been reported (ref, 1). The investigation of reference 1 



extended t h e  range of previously reported experimental values by nea r ly  2000° K. 
Excluding calculat ions based on molecular beam s c a t t e r i n g  data, t h e  da t a  of 
reference 1have been t h e  highest  temperature experimental results available.  
The problem of determining t h e  thermal conduct iv i t ies  of a i r  from da ta  similarly 
obtained has a l s o  been considered. I n  references 2 and 3 t h e  heat-conduction 
equation i s  solved, no t  f o r  thermal conductivity as done i n  referenee 1, but for 
the  i n t e g r a l  of thermal conductivity, or t h e  heat-flux poten t ia l ,  as a function 
of temperature. It was concluded that, while t h e  thermal conductivity could be 
approximately obtained from values of t h e  i n t e g r a l  reported, t h e  d i f f e r e n t i a t l o n  
of t he  da ta  involves considerable l o s s  of accuracy. 

Improved experimental techniques and instrumentation were applied i n  r e f e r ­
ence 4 t o  extend the  work with a i r  of references 2 and 3. The ana lys i s  t o  deter­
mine the  heat-flux p o t e n t i a l  from t h e  experimental da ta  w a s  extended t o  include 
n i t r i c  oxide formation and nitrogen dissociation. I n  reference 5 t h e  ana lys i s  
and da ta  of reference 2 were examined. An important f a c t o r  a t t r i b u t a b l e  t o  t h e  
motion of  t h e  hot gas toward t h e  cooler wall had been overlooked, s o  t he  analysis 
w a s  revised. 

The purposes of t h i s  invest igat ion were as follows: 

(1)To obtain da ta  on t h e  temperature r ise  o f t h e  end w a l l  of a shock tube 
f o r  argon over an extended range of r e f l ec t ed  shock temperatures 

(2) To resolve the  differences others have expressed i n  t h e  in t e rp re t a t ion  
of such da ta  

(3 )  To determine whether such shock-tube da ta  can be  used t o  compute thermal 
conduct iv i t ies  of gases or t o  confirm t h e o r e t i c a l  estimates of thermal 
conductivity 

THEORY 

Assumptions 

It i s  assumed t h a t  a quiescent gas a t  thermal equilibrium i n  a tank is  sud­
denly heated t o  a uniform temperature g rea t e r  than t h a t  a t  a plane end wall. 
Both t h e  gas and t h e  end w a l l  are semi-infinite i n  extent so  t h a t  conditions are 
a t  a l l  times uniform over any plane p a r a l l e l  t o  t h e i r  in te r face .  The so l id ,  
i n i t i a l l y  a t  a uniform temperature throughout, has density,  spec i f i c  heat, and 
thermal-conductivity proper t ies  t h a t  are independent of temperature and pressure 
over t h e  ranges of i n t e r e s t ,  The gas propert ies  a t  any point have equilibrium 
values t h a t  are dependent on temperature and pressure. Viscous d i s s ipa t ion  i s  
assumed t o  be  negligible.  Heat t r a n s f e r  from t h e  gas, which has been heated by 
r e f l ec t ion  of  a s t rong  shock wave from the  so l id  end w a l l ,  i s  assumed t o  be un­
affected by  t h e  presence of the receding r e f l e c t e d  shock wave. 

Equations 

The p a r t i a l  d i f f e r e n t i a l  equation t h a t  describes one-dimensional hea t  flow 
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by conduction a t  constant pressure with the assumptions noted previously is  

where is s p e c i f i c  heat per u n i t  m a s s ,  p is  density, T i s  temperature, t 
i s  time'Pfrom t h e  ins tan t  t h e  gas i s  heated), x is t h e  coordinate extending 
normally i n t o  the gas from i t s  or ig in  a t  t h e  interface,  k is  t h e  coef f ic ien t  of 
thermal conductivity, and D/IX i s  the  subs tan t ia l  derivative,  

I n  reference 1 Tf is defined as the  temperature asymptotically approached 
by the  in te r face  and pf as the  densi ty  of the gas a t  Tf and the constant 
pressure of the hot-gas column. The thermal conductivity of the gas a t  Tf is 
kf. The subscr ipts  used a r e  0 f o r  the  i n i t i a l  conditions before the  gas i s  
heated, 03 f o r  the conditions immediately a f t e r  heating, and s f o r  t h e  con­
stant propert ies  of the  sol id .  For Tf - TO << T, - To, as i n  t h i s  case, with 
k a l i n e a r  function of temperature and with the  def in i t ions  

af = -
P f  cP 

and 

equation (1) i s  transformed i n t o  

If T i s  expressed as a function of f; and t h e  l i m i t s  T ( 0 )  = Tf and 

T ( m )  = T, are  used, a low value of (dT/df;)E,o or T ' ( 0 )  may be chosen and T, 

may be numerically calculated with known values of k. A value of T ' ( 0 )  can be 

chosen s o  t h a t  it would b e  necessary t o  supply a value of k s l i g h t l y  beyond 

the known ones. A t  5 = 0, dT/dk is  re la ted  t o  Tf - To and, hence, t o  the  

experimental T, by equation 


The chosen value of k beyond t h e  known ones must b e  such t h a t  T, calculated 

with it equals t h e  T, found experimentally. 


The s tudies  of references 2 and 3 were l imited t o  air. A n  analysis  for  
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i n e r t  gases i s  given i n  references 2 and 3 along with modifications t h a t  provide 
for its appl icat ion t o  chemically reac t ive  gases such as air. The defining 
equations used f o r  i n e r t  gases were 

p pRT 

and 

With some manipulation, t h e  s t a r t i n g  equation 

became 

At x = 0, for t h e  so l id ,  

I f  cp i s  expressed as a function of y with the  boundary conditions 

cp(0) = 1 

and 
l i m  cp = cp, 
Y­

and the value of ( dcp/dy)y=O or cp'(0) calculated from equation (5), t h e  value 
of cp, can be found by numerical integration; cp, can be d i f fe ren t ia ted  t o  get  
k,* 


In  the  study of reference 5 it was concluded i n  reference 2 t h a t  an i m ­
portant source of heat t ranspor t  t o  the  end w a l l  had been overlooked. The 
temperature of t h e  end wall r i s e s  very l i t t l e  by comparison with the  temperature 
of the  body of gas during the shor t  t e s t i n g  time available.  Since t h e  s o l i d  
a c t s  as a large heat sink, the  gas temperature and t h e  propert ies  of t h e  gas 
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affected by temperature are changed as the  so l id  surface i s  approached, In 
addition, t h e  cooling e f f e c t  of the  s o l i d  extends i n t o  t h e  gas, and thus  i t s  
densi ty  at  the  constant pressure of t he  gas column increases, The increasing 
density s e t s  up a ne t  f l a w  of gas molecules toward t h e  so l id ,  changes t h e  tem­
perature gradient there,  and assists t h e  conduction of heat, This addi t iona l  
contribution t o  the  heat flux, not  considered in references 2 and 3, w a s  found 
t o  be appreciable. 

Reference 5 uses t he  same defining equations as references 2 and 3 but a l s o  
t h e  following equations of cont inui ty  and momentum: 

ap + a (pu) = 0a t a x  
and 

and B t h i r d  defining equation @(y) ut/x. The average p a r t i c l e  ve loc i ty  i n  t h e  
gas is u, The working equatiolls that developed then from equations (1)and (4 )  
a r e  

and 

For the s o l i d  a t  x = 0, 

he boundary conditions axe cp(0) = 1, l i m  rp = cp,, @y=o= 0, and @+ # 0. m 
After  a value is chosen f o r  Tf - TO, &d hence cp' (0), values of and bo 
are t he  r e s u l t  of t he  numerical integrat ion,  With the  r e s t r i c t i o n  of Jr = 0, 
t h e  equations a re  the  s m e  as those of references 2 and 3, 

It may be noted t h a t  t h e  term T'(0) of reference 1 (ea. (3))  is re la ted  t o  
the other s imi la r  l i m i t  t e m  as f o l l o w :  
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APPARATUS AND PROCEDUFE 

Shock-Tube Apparatus 

The shock tube t h a t  was  used is i l l u s t r a t e d  i n  f igure  1, The high-pressure 
chamber is a 6-foot-long s t e e l  tube capable of withstanding pressure grea te r  than 
8000 pounds per square inch gage, It has an inner diameter of 1.85 inches, The 

7low-pressure chamber i s  rectangular, 2 g b y  3 inches i n  cross section; it is made 

up of 3-foot-long interchangeable subsections. Each subsection is composed of 
two 1/2-inch-thick s t e e l  plates ,  used as  v e r t i c a l  sidewalls, bolted t o  a t o p  

p l a t e  and a bottom plate ,  each 1-	7 inches thick. Six subsections were used i n
8 

t h i s  study, They were terminated a t  a pressure-rel ief  tank t h a t  i s  5 f e e t  i n  
diameter and 1 2  f e e t  long. 

The high-pressure chamber was separated from the low-pressure one by a 
diaphragm sheet of aluminum or polyester p l a s t i c ,  The pressure i n  the high-
pressure chamber w a s  gradually increased u n t i l  t h e  diaphragm ruptured, The 
aluminum diaphragms were scored with a cross t o  about one-third of t h e i r  depth 
t o  ensure t h e i r  rapid opening and t o  prevent t he  loss of fragments. The p l a s t i c  
sheets were not scored, A second, th in ,  0,00097-inch-thick sheet of polyester 
p l a s t i c  separated the  low-pressure chamber from the  evacuated r e l i e f  tank, This 
diaphragm broke on the  a r r i v a l  of the shock wave created by the  breaking of t he  
f i r s t  diaphragm. The low-pressure chamber was thus rel ieved of a l l  pressures 
higher than atmospheric immediately a f t e r  the passage of the  shock wave, t h e  
system as a whole (with both diaphragms broken) being a t  l e s s  than atmospheric 
pre ssure. 

Shock Velocity Measurements 

The shock Mach number was determined from the  time required f o r  t he  shock 
wave t o  t r a v e l  between two pressure detectors mounted 12  inches apart  near the  
end of the  shock tube. The upstream detector a t  s t a t i o n  2 was 17-	1 f e e t  f r o m t h e

2 
main diaphragm. A barium lead t i t a n a t e  piezoelectr ic  element was used for the 
ac t ive  pa r t  of the  detectors,  

Resistance-Thermometer Mounting 

Concentrically mounted i n  the  shock tube a t  s t a t i o n  5 was a four-lead th in-
film resis tance thermometer on a heat-resis t ing glass  p l a t e  ( f ig .  2 ) .  A 
s t a in l e s s - s t ee l  tube clamped it r i g i d l y  in to  place. This guard tube, honed in­
s ide  t o  minimize boundary-layer effects ,  made the conditions optimum fo r  normal 
r e f l ec t ion  a t  the  glass  plate ,  

The external  shaping of the guard tube minimized the e f f ec t  of pressure 
loading from shock waves on the  glass-plate assembly, With t h i s  mounting, the  
temperature measurement was completed before the shock wave, passing ex terna l ly  
t o  the  guard tube and glass-plate assembly, could a f f e c t  the resu l t s .  The 
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recording oscilloscope was triggered a few microseconds before the arrival of 

the incident shock wave by an internally mounted piezoelectric element at sta­

tion 4. 


Resistance-Thermometer Films 


A rectangular piece of heatingLresisting plate glass serired as the base for 
the film. One side was grooved to accept the electrical leads. The grooves 
were coated with a thin film of a metallo-organic solution containing 4.25 per­
cent platinum and 3.25 percent gold, The resistance film itself was drawn with 
a pen filled with the platinum fluid, The glass was then heated to 800° F, held 
there for about 1/2 hour, heated to 1200O F, held there for about 1/4 hour, and 
removed to room temperature, The platinum film thus formed was then coated with 
a layer of silicon monoxide by vacuum evaporation, The glass plate was held at 
1000° F overnight to oxidize the silicon monoxide to the dioxide. The thickness 
of the platinum film prepared in this manner was about 0.1 micron or 10-4milli­
meter, The thickness of the silicon monoxide L a y e r  was 2 ~ l - O ' ~millimeter based 
on its voltage breakdown, 200 kilovolts per centimeter (ref. 6). 


The four lead wires were soft soldered to the grooves in the glass plate to 
complete the circuits shown in figure 3. The portions of the electrical circuit 
that were exposed fn the shock t a e  and that were not electrically insulated 
from the test gas by the silicon dioxide film were coated with a thin layer of a 
polyacrylic insulating lacquer. 

The resistance film thermometer was then calibrated in a water bath to de­
termine its temperature coefficient of resistivity, 0.0027 ohm/( ohm)(OC). The 

physical properties of the heat-resistant glass were used as as = 0,0057 
square centimeter/second and 
as in reference 2. 


ks = 0.0024 calorie/( centimeter)(degree)(second), 

P eocedure 


The low-pressure chamber of the shock tube was twice evacuated to a pressure 

of less than 0.1 millimeter of mercury and filled with argon to over 100milli­

meters of mercury. After a third such evacuation, it was filled to the desired 

pressure, 
 Helium was then gradually added to the high-pressure chamber until the 

diaphragm burst. 

The speed of the shock wave was determined between stations 2 and 3 with an 
electronic timer accurate to 0.5 microsecond. The average attenuation in speed 
over this 12.0-inch distance was found by measuring the speed of several shocks 
between stations 1 and 2 and between stations 2 and 3. 

A constant electrical current flow of 1 milliampere was maintained through 
the resistance-thermometer film. The temperature changes were calculated from 
the deflection registered on a differential oscilloscope operated at a vertical 
gain of 2 millivolts per centimeter at a sweep speed of 5 microseconds per centi­
meter, 



D a t a  Reduction 

The average incident  shock-velocity a t tenuat ion w a s  found t o  be 4.5 percent 
per  f o o t  in  t e s t  sec t ion  6. The incident  shock v e l o c i t y  a t  the end w a l l  was de­
termined b y  extrapolation from an upstream ve loc i ty  measurement. 

The re f lec ted  shock temperature and pressure were determined by incident  
shock-velocity re la t ions ,  The temperatures ranged from 6 6 5 O  t o  8580’ K and t h e  
pressures from 0.31 t o  13.7 atmospheres, 

A t y p i c a l  oscil loscope photograph i s  given in f igure 4. B y  a change i n  t h e  
ordinate sca l ing  fac tor ,  t h e  smoothed t r a c e s  of a l l  t h e  other oscilloscope data  
could be superimposed on t h i s  one t o  coincide a t  0 and 4 microseconds after t h e  
a r r i v d  of t h e  shock. I n  t h i s  event, t h e  t r a c e s  differed b y  a m a x i m u m  of +5,5 
percent a t  15 microseconds and by l e s s e r  amounts a t  e a r l i e r  times. 

The individual photographs were measured with a t r a v e l i n g  microscope. A 
l i n e a r  p l o t  of t h e  oscil loscope voltage def lect ions of the sample t r a c e  against  
t h e  reciprocal  square root  of t h e  time t a f t e r  arrival of t h e  shock (fig, 5) 
yielded a s t r a i g h t  l i n e  for  several  microseconds, centered around 4 micraseconds 
( re f ,  1). I n  t h e  der ivat ion of equation (3) f o r  temperatures other than Tf,
t h e  r i g h t  s ide of t h e  equation i s  multiplied b y  t h e  f a c t o r  

1 - e P S c S k S t ’ ~ 2 e r f c ( ~ ~ / 2 ~ ,where A i s  t h e  heat capacity per unit  a rea  
of t h e  resis tance thermometer. For a range of times where 

the fac tor  sim’plifies t o  1 - A/d- and therefore  t h e  temperature r i s e  is  
d i r e c t l y  proportional t o  1 - constant/-& The voltage def lect ions obtained b y  
extrapolating t h e  s t r a i g h t  l i n e  t o  zero on t h e  abscissa  ( i n f i n i t e  time) were 
proportional t o  t h e  asymptotic temperature changes Tf - TO. These were calcu­
l a t e d  f o r  each t r a c e  b y  multiplying t h e  temperature change a t  4 microseconds by 
t h e  average def lec t ion  fac tor ,  1.48. 

RESULTS AND DISCUSSION 

When t h e  procedure of reference 1was followed t o  get  k from T, and 
Tf - To, it became evident that the lnevi table  s m a l l  e r r o r s  i n  t h e  determination 
of e i t h e r  parameter resu l ted  i n  in to le rab ly  la rge  changes i n  the  values of k 
that s a t i s f i e d  t h e  equations. Because of this d i f f icu l ty ,  a t ten t ion  w a s  s h i f t e d  
t o  other methods of analysis. 

When the  more d i f f i c u l t  problem of the reac t ing  gas mixture air  w a s  con­
sidered ( re fs .  2 and 3), similar shock-tube data were used t o  calculate  the  heat 
f l u x  poten t ia l  cp. The i n t e g r a l  cp is  l e s s  sens i t ive  t o  the experimentally 
measured propert ies  than k. The experimental r e s u l t s  of references 2 and 3 were 
l e f t  i n  a dimensionless i n t e g r a l  form because of t h e  increase i n  uncertainty in­
volved i n  determining t h e  derivative k. 
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In the study of reference 5 estimated values of k for air were used to 
calculate the Tf - TO change at various T, values by the analysis of refer­
ence 5 and by the previous analysis (ref. 2), which did not consider heat trans­
fer by gas movement toward the cool w a l l .  The experimental data for air agree 
more accurately with the analysis of reference 5. 

Scrutiny of the Lagrangian transform used in reference 1 showed it to be a 
form of the continuity equation (p/po)dx = dxO (ref, 7), where dxo = dh and 
po = pf. For heat transfer considered to take place at constant pressure, 
references 1 and 5 used the same premises. 

In a comparison of the results with the analyses of references 1, 2, 3, 
and 5, the Tf - To rise for plate glass was predicted for each method of anal­
ysis with high-speed digital computer programs. Table I lists the thermal-
conductivity values for argon that were supplied to the computer. They were 
estimated from experimental viscosity data, thermal conductivity data, and molec­
ular beam scattering data, The temperature-riseresults are plotted in figure 6. 

The results of the analyses of references 1 and 5 were the same, which 
verified the expectation that the use of the same premises would lead to the 
same solutions even though the final equations were expressed in different forms 
and required different computer programs. The analysis of references 2 and 3 
predicted a much smaller rise in temperature. The experimental data listed in 
table I1 and plotted in figure 6 are much closer to the predictions of the 
analyses of references 1 and 5, The Tf - TO results are each divided by the 
square root of the corresponding reflected shock pressure to normalize its ef­
fect on the temperature-rise correlation. 

To show the sensitivity of the temperature-rise predictions to the choice of 
thermal conductivity data used, the temperature increases were recalculated ac­
cording to the methods of references 1 and 5 with a Sutherland-typeexpression 
for thermal conductivity, which is based on viscosity measurements below 2000° K, 
According to modern kinetic theory, the Sutherland expression presents a lower 
limit of credible values of high-temperature thermal conductivity. It results in 
thermal conductivity values the same as those from other expressions at the lower 
temperatures but differs by giving progressively greater values at higher temper­
atures, The change is -20 percent at 5000' K and -31 percent at 10,OOOo K. As 
shown in figure 6, the predicted temperature rise is lowered by 1.8 percent at 
5000' K and 4.9 percent at 10,OOOo K. From another viewpoint, an error of 0.2' K 
in the measurement of Tf - To (at 1 atm) or of 1 0 0 ° K  in the measurement of T, 
at 5O0O0 K is equivalent to a change in k of 20 percent, 

Ionization of the argon would have caused the heat-transfer results to be in 

error, Reference 8 indicates the ionization is negligible even at the highest 

Mach number reached in this work, 


CONCLUSIONS 


The temperature rise of a glass end plate exposed briefly to argon at 665' 

to 8580° K and at pressures ranging from 0.31 to 13.7 atmospheres was found 
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experimentally to be consistent with that described by the analyses of refer­

ences 1 and 5. An analysis similar to these, but that omitted the continuity 

equation from consideration, predicted much too small a temperature rise. 


A large deviation in thermal-conductivityvalues used to calculate the 

temperature rise analytically had only a small effect on the result. This has 

made it impractical for the experimental data thus far developed to distinguish 

between rival theoretical thermal-conductivityvalues that differ by only a few 

percent. The data have shown experimentally, however, that to about 8600°X the 

theoretical thermal-conductivityvalues for argon presented herein are approxi­

mately correct. 


Lewis Research Center 

National Aeronautics and Space Administration 


Cleveland, Ohio, September 25, 1963 
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TABL;E I. - THERMAL CONDUCTTVITY OF ARGON 


Temperature, 

T,
9( 


Best estimate 


300 
400 
500 
600 
700 

800 
900 

1,000 
I,500 
2,000 

2,500 
3,000 
4,000 
5,000 
6,000 

7,000 
8,000 
9,000 

10,000 

(a) 

~~ 

4 . 2 4 ~ 1 0 ' ~  

5.33 

6.28 

7.15 

7.97 


8.74 

9.48 


10.2 

13.4 

16.3 


19.0 

21.5 

26.3 

30.9 

35.2 


39.4 

43.5 

47.4 

51.2 


Lower limit 

(b) 


4,24~lO-~ 

5.32 
6.27 
7.12 
7.91 

8.63 
9.31 
9.95 

12.70 
14.98 

16.97 
18.75 
21.90 
24.65 
27.12 

29.39 
31.50 
33.47 
35.33 

"From viscosity and molecular beam data, 
bk = 3 , 5 8 2 ~ 1 0 ' ~T3b/(139.O4 + T), 
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TABU3 11. - SHOCX-TUBE DA'J!A FOR ARGON 


~- __ 
I n i t i a l  Incident 
argon shock-wave 

pressure, Mach 
number

"Y,a 

-
3 6-12 

3 6-07 

5 5-80 


10 5-02 

20 4-30 


50 3-80 

50 3-74 

3 3-67 

5 3-46 


10 3*37 

100 3.29 

10 3-14 

10 2-94 

20 2.88 

10 2,82 


200 2.81 
10 2.62 
50 2.56 

400 2-43 

400 2-40 


100 2-36 

100 2-29 

200 2-01 

400 1.85 

400 1.86 


400 1.84 

400 1-76  

750 1.55 


~ 

'Interface temperature, 

.. . -

Final  Final Glass 
equl l ib  equi l ib- p l a t e  

r i u m  r i u m  tempera­
pressur tempera- t u r e  

Pi03 tu re ,  r i se ,  
atm T, Tf - To 

4( 4( 
( a> 

~ __  -_ 

1,015 8580 18.9 
,997 8480 18.9 

1 -50  7680 18.6 

2-16 5780 17.2 

3-04 4290 16 , l  


5-68 3390 18-6  

5-45 3280 17-6 


31 3180 3-98 

45 2830 4-43 

84 2690 5-33 


7.90 2560 17-2
-70 2350 4.61 

59 2070 3-40 


1.12 	 2010 5-24 

53 1920 3-00 


10-5 1920 14.5 

* 43 1690 2-13 


2.03 1610 5-45 

13-7  1440 12-1 

13.4 1430 ll.,8 


3,23 1380 5.65 
2,96 1310 4*90 
3-98 1045 4-51 
6-26 910 4.25 
6-26 910 4-70 

6-04 910 4-70 
5-36 835 3.64 
6.42 665 2.87 

- .  

Tfj  h i t l a 1  temperature, To-

Tf - To

-$cy 
OK/atm1/2 

18.8 
19.0 

15.2 

11.7 


9-24 


7.82 
7-54 

7s15 

6-61 

5-82 


6-12 

5-52 

4.43 

4*95 

4.12 


4.48 

3-25 

3-82 

3.27 

3-22 


3-14 

2-84 

2-26 

1.70 
L88 

1.91 

a, 57 

1-13 


I 




' 
Rupture 
diaphragm-, I 

vacuated tank, 
I d i m . ,  5 f t ;  

I I length, 12  f t  

I I 
High-pressure Test sec t ions  1 t o  5, Test  sec-
section, I.D., 

1.85 in.  
2-7 by 3 in .
8 

t i o n  6, 
s t a t i o n s  

1 t o  5 diaphragm 

Figure 1. - Schematic diagram of shock tube. P iezoe lec t r ic  shock de tec tors  a t  s t a t i o n s  1t o  4; 
res i s tance  thermometer a t  s t a t i o n  5. 



Guard tube iflounting 

\ 
Resistance 

thermometer 


Figure 2. - Schematic drawing of thin-film resistance thermometer and mounting. 
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thermometer 
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differential 
input 

150 kilohms 


a 


4 




2 mv,T 
11.40 K

L 

Figure 4. - Typical resistance-thermometer oscilloscope trace. Glass at 
300' K exposed to pressure of 5.45 atmospheres of argon at 32800 K. 
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Figure 5. - Typical temperature-trace deflection. Glass at 300° K exposed to pressure of 5.45 
atmospheres of argon at 3280° K; 0.360 unit of deflection corresponds to lo K. 
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Figure 6. - Solutions f o r  heat t r a n s f e r  from argon t o  
glass. 
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